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Cigarette butts (CGB) are equivalent to plastic litter in terms of number of pieces released 26 directly into the environment. Due to their small size and social use, CGB are commonly 27 found in natural systems, and several questions have been raised concerning the contaminants 28 that are released with CGB, including metals, organic species, and nanoparticles. The aim of 29 the present study is to investigate the release of nanoscale particles from CGB by leaching 30 with rainwater. After seven days of passive stirring of both smoked and unsmoked CGB in 31 synthetic rainwater, the solutions were treated and analyzed by specific nano-analytical 32 methods. Our results demonstrate the release of 4.12±0.24% (w/CGB) organic carbon in the 33 range of 10 nm up to 400 nm and with a z-average diameter of 202.4±74.1 nm. The fractal 34 dimension (D f ) of the nanoscale particles ranges from 1.14 to 1.52 and suggests a soot 35 (carbon)-based composition. The analysis of some metallic species (As, Pb, Cd, Cu, Ni, Cr, 36
Co, Al, Mn, Zn, and Fe) shows that these species are essentially attached to the nanoscale 37 M A N U S C R I P T
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2 particles per gram of carbon released. By considering the diffusion of the nanomaterials into 38 different environmental compartments, our results suggest a new emerging and global 39 contamination of the environment by cigarette butts, comparable to plastic litter, which 40 urgently needs to be considered. 41 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Introduction 46
The principle litter associated with the consumption of cigarettes are smoke and cigarette 47 a considerable lack of available data on the nanoscale risk associated with CGB. The main 71 questions, therefore, are which nanoparticles (size, composition) are concentrated in CGB and 72 whether these nanoparticles are released into the environment. Due to their intrinsic 73 properties, such as size and surface area, nanoscale particles are known to transport a large 74 quantity of adsorbed species, such as metals and organic contaminants, along different 75 environmental compartments and in living organisms (Velzeboer et al., 2014; Wang et al., 76 2013) . The main concern with nanoscale particles is their ability to penetrate different natural 77 barriers to deliver the species adsorbed to their surface. 78
The aim of this paper is to demonstrate the release of nanoscale particles (NP) from cigarette 79 butts by leaching with rainwater, followed by their chemical and physical characterization. 80
Different high-resolution analytical techniques, such as in situ dynamic light scattering (IS-81 DLS) and asymmetrical flow field-flow fractionation coupled to light scattering detection 82 (A4F-UV-SLS), were optimized for nanoscale particle characterization to measure key 83 parameters such as size distribution, aggregation information, fractal dimension, and 84 elemental composition. Our results demonstrate that a large distribution of NP sizes and 85 structures are released. The metal distribution associated with the NP fraction raised several 86 environmental concerns that urgently need to be considered. We hope that our results will 87 help tobacco control agencies to consider this type of environmental and health exposure from 88 cigarette litter. 89 90
Materials and methods 91

2.1.Sample preparation 92
A fresh synthetic rainwater (FSRW) sample was prepared according to Davies et al. (Davies 93 et al., 2004) . Briefly, the rainwater has an ionic strength of 0.3×10 -3 mol L -1 , and the 94 following components comprise 1 liter, which was then diluted by a factor of 1,000: NaNO 3 ,M A N U S C R I P T A C C E P T E D and placed directly in a plastic container under vacuum into a fridge (4°C). No CGB were 100 collected on the ground to avoid bias measurement in the leaching experiment. For a single 101 experiment, four CGB were randomly chosen, cleaned of old tobacco and placed into a 15 mL 102 conical vial (previously rinsed by HNO 3 10% (w/v) and DI water to remove any trace of 103 HNO 3 ). Then, 10 mL of FSRW was added into the conical vial. Then, the vials were placed 104 on a rotator stirring at 30 rpm under classical light conditions for 7 full days. Then, the 105 leached solutions were filtered at 0.45 µm and stored in the fridge. A small fraction of the 106 solutions was kept for total metal and organic carbon analysis. The remaining volumes were 107 concentrated and size-fractionated by an ultrafiltration cell (Amicon©, Millipore, France) 108 with a 10,000 Dalton (10 kDa) molecular weight cut-off (MWCO) membrane made of 109 polyethersulfone (Nadir, Alting, Metz, France). The retentates were concentrated three times 110 and rinsed by three equivalent volumes of FSRW. The same procedure was followed for 111 unsmoked CGB (un-CGB). The CGB leaching experiments were repeated more than 5 times, 112 and the final volume was concentrated more than 20 times and rinsed 3-4 times by FSRW. All 113 experiments were repeated identically 6 times for each condition in order to obtain convenient 114 statistical results. 115 116
2.2.Reagent 117
The employed reagents were of analytical grade. The reagents to prepare the synthetic 118 rainwater and the HNO 3 used for the digestion procedure were of ultra-trace pure quality 119 (Labbox, Rungis, France). All plastic and glassware were cleaned by soaking in a 10% (w/v)M A N U S C R I P T
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HNO 3 solution and then rinsed with DI water before use. All solutions were prepared using 121 ultrapure water (MilliQ, 18.2 mΩ cm). 122 123
2.3.Elemental analysis 124
Total organic carbon analysis was performed using a TOC analyzer from Shimadzu (Paris, 125
France). The metal concentrations were determined by ICP-MS using an Agilent 126
Technologies 7700x instrument. The samples were pre-digested with HNO 3 to avoid any 127 interference from organic carbon during the analysis. A flux of He was injected in a collision 128 cell to remove interferences. Quantitative analyses were performed using a conventional 129 external calibration procedure (seven external standard multi-element solutions, Inorganic 130
Venture, USA). Rhodium-rhenium was added on-line as an internal standard at a 131 concentration of 300 ppb to correct for instrumental drift and possible matrix effects. 132
Calibration curves were calculated from the intensity ratios of the internal standard and the 133 analyzed elements. The international geostandard SLRS-4 was used to control the accuracy 134 and reproducibility of the measurement procedure. The instrumental error of metal analysis 135 was below 3%. The metal concentrations in the blanks were lower than the detection limits, 136
and thus, no correction was needed. 137 138
2.4.Nanoscale particle characterization 139
In the present case, IS-DLS was used to detect the presence of nanoscale particles in the 140 aqueous system. In DLS, due to the Brownian motion of nanoscale particles, time-dependent 141 fluctuations of the scattered light intensity are measured. These fluctuations allow the 142 determination of the dynamics of the scattering particles (Burchard, 1983) . The time- CA, USA). The SLS principle consists of measuring the intensity of light scattered by the 164 particles according to the angle of detection (Burchard, 1983) . Briefly, the SLS signal 165 depends on both the concentration and size (gyration radius, R g ) of the analytes. R g is defined 166
as the square root of the weighted average of the distance for all mass points inside a given 167 analyte (Burchard, 1983) . Additionally, from SLS and the angular variation in the intensity of 168 scattered light, the fractal dimension (D f ) can be determined (Raper and Amal, 1993 
Results and discussion 175
After the seven-day leaching experiment, the total organic carbon (TOC) in the unsmoked 176 (un-CGB) and smoked-cigarette butts (f-CGB) was measured to be 2.81±0.36% (w/CGB) and suggesting that all the carbon materials released from un-CPG are molecular and dissolved or 185 are under the size limit for DLS characterization (evaluated at 1 nm). Because cigarette filters 186 are mostly composed of cellulose-based materials, the release of these materials (degraded or 187 not) is expected (Bonanomi et al., 2015) . In contrast, for f-CGB, the increase in the TOC to 188 4.12±0.24 % (w/CGB) is directly correlated with the distinct exponential decay of the ACF. 189
Based on this ACF and according to the DLS theory, Figure 1b 
197
Figure 2a and 2b presents the fractogram obtained by A4F-UV-SLS with light 198
scattering traces at 90° (Fig. 2a) and UV absorbance at 254 nm (Fig. 2b) . In normal-mode 199 elution, A4F separates particles according to the coefficient of diffusion and linearly 200 according to the hydrodynamic size. The UV trace presents a large peak in the void time (at 201 lower retention time, t 0 =1 min) corresponding to un-retained species, generally dissolved 202 species but with sizes over 10 kDa. Degraded cellulose from the cigarette filter or other small 203 molecules from the combustion process can be included in this small size fraction. 204
Additionally, in the UV trace at this void time, no size information can be obtained from SLS, 205 characteristic to particles with radii less than 10 nm (size limit of SLS detection). At higher 206 retention time (i.e., 18 minutes), the UV trace presents a second small peak relative to the 207 void time, correlated to a large and intense SLS trace. This second retained population can be 208 attributed to nanoscale particles with a smaller relative proportion than the dissolved portion. 209
This difference can be explained by the dependency of the SLS detector on both the analyte 210 concentration and size (r 6 ). The gyration radius (R g ) of the nanoscale particle population 211 ranges from 70 nm to 280 nm. 
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The correlation of the A4F-UV-SLS and IS-DLS results gives information about the 229 shape of the analytes, which can be characterized by the shape ratio expressed as R g /r H . Based 230 on the mean size, the R g /r H ratio is 1.51±0.01. This typical value is characteristic of particles 231 deviating slightly from spherical-shaped or with changing intrinsic structures. Figure 2c  232 presents the variation in the intensity of light according to the scattering vector (Q) on the log-233 log scale (Gigault and Grassl, 2017) . For Q×R g >1, the slope is directly related to the fractal 234 to this similarity with carbon-based nanomaterials, the nanoscale particles released from CGB 241 can be hypothesized to have a soot-based composition. 242
To investigate the composition of the nanoparticle fraction and validate our previous 243 hypothesis, the leachate was ultrafiltered on a 10 kDa MWCO filter. While the filtrate (<10 244 kDa) was considered the dissolved fraction, the retentate was considered the nanoscale 245 SLS. This result is explained by the low MWCO (i.e., 10 kDa) used to separate and 266 concentrate both fractions by sequential ultrafiltration. As previously explained, cigarette 267 filters are composed of cellulose-based materials (Slaughter et al., 2011) . These materials are 268 degraded during the leaching process and released in a large molecular weight distribution but 269 are not sufficiently large (5-10 nm) to be detected by A4F-UV-SLS and/or DLS. For the 270 dissolved fractions, no distinct differences are observed in the metal distribution of un-CGB 271 and f-CGB. Nevertheless, for the NP fraction, except for Cu, Ni and As, an increase in metal 272 is observed. f-CGB does not show a different total amount of metal in the leached solution 273 compared to un-CGB but has a distinct effect on their distribution according to the size 274 fraction (i.e., from the dissolved to the nanoscale particle fraction). In Figure 3 , the relative 275 proportion of each species characterized is illustrated according to the fraction. Except for As 276 and Zn, which are distributed equally between the two fractions, all other metal species are 277 principally distributed in the NP fraction. These results confirm the high affinity of metal 278 species with carbon-based colloids generally observed in the environment (Dai et al., 1995; 279 • Cigarette butts (CGB) are the most common litter found in the environment.
• This study presents new evidence of nanoscale particles (NP) leached from CGB.
• NP contain a large part of the volume of metal released from CGB.
• Our results raised urgent questions on CGB litter and their environmental impacts.
